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The study of chemical diversity has a long history in the field of plant systematics. Methods for separating and identifying chemical compounds, such as chromatography and mass spectrometry, were developed in the early 1900s (reviewed by Marston, 2007) , with plant pigments such as chlorophylls and carotenoids among the first targets of analysis (Twsett, 1906) . These technological advances gave way to tailored approaches designed to survey major classes of plant metabolites (e.g., phenolics, terpenoids, sugars) across diverse taxa (Harborne, 1973) . The techniques developed by Harborne and others could often be implemented with relatively simple equip ment and materials, opening the door for many botanists to begin exploring chemical diversity in their own systems. Indeed, by the 1950s, studies in this area had emerged as a distinct discipline, "bio chemical systematics" or "chemosystematics" (Alston and Turner, 1963; Gibbs, 1963 Gibbs, , 1974 .
With a sudden wealth of new comparative data, the field of chemosystematics put forward new phylogenetic hypotheses, many of which have come to be strongly supported with other sources of information (Grayer et al., 1999) . One classic example is that of the Gesneriaceae, in which early phytochemical surveys supported the division of the Old World Cyrtandroideae and the mostly New World Gesnerioideae (including the South America/ South Pacific disjunct Coronanthereae). The former subfamily pro duces anthocyanins and chalcones or aurones, while the latter pro duces novel 3 deoxyanthocyanins and flavones (Harborne, 1966 (Harborne, , 1967 . Subsequent molecular systematics studies have supported the monophyly of Gesnerioideae (Smith et al., 1997; Woo et al., 2011) , consistent with a single origin of 3 deoxyanthocyanins from anthocyanin producing ancestors.
As comparative biochemical studies expanded, many classes of plant metabolites were found to exhibit complex evolutionary histories, with multiple gains and losses across the phylogeny. For instance, mustard oils, the glucosinolate derived compounds in volved in defense against herbivores, are found in 15 plant families and appear to have evolved twice, once in the Malpighiales and once in the Brassicales, with a secondary loss in one lineage (Ettlinger and Kjaer, 1968; Rodman et al., 1998) . The evolutionary pattern presented by betalain pigments is even more intriguing, wherein following a single origin near the base of the Caryophyllales, mul tiple lineages have lost these nitrogenous compounds and reverted to the ancestral state of producing anthocyanin pigments, seem ingly after millions of years without them (Brockington et al., 2015; NEWS & VIEWS Lopez Nieves et al., 2018) . Thus, even specialized metabolites as sembled via intricate and novel pathways show substantial lability over broad evolutionary timescales.
The explosion of functional and comparative plant genomics, beginning with the publication of the Arabidopsis thaliana genome (Wortman et al., 2003) , has allowed for fundamental advances in understanding the mechanisms responsible for novel metabolites and their variation across taxa. By mapping plant chemical varia tion onto our ever improving phylogeny for land plants, we can lo calize branches of the tree along which plant chemistry has shifted. Combining this framework with targeted biochemical and genomic studies, we have begun to connect metabolic innovations with changes in pathway structure, enzyme function, and in some cases, even pre cise molecular changes (e.g., Huang et al., 2016; Schenck et al., 2017) . The results of this highly integrative field have overturned traditional notions about biochemical evolution, while underscoring the impor tance of genomic processes, such as whole genome duplication and horizontal gene transfer, in driving metabolic diversification. In this review, we trace the path of this renaissance in comparative biochem istry, considering how the integration of genomic and functional studies in a robust phylogenetic framework has brought new insights into both metabolic evolution and plant diversification. In closing, we reflect on the challenging questions that remain to be addressed in comparative biochemistry and how our teaching of botany can help to train the next generation of botanists to meet these challenges.
CONNECTING METABOLIC PATHWAYS TO GENES
The first key step in tracing the evolution of metabolic diversity is identifying the structural (enzyme encoding) genes that are the building blocks of biochemical pathways. The earliest genetic stud ies, beginning with Mendel's peas, suggested that many biochemical traits have a simple genetic architecture (Reid and Ross, 2011) . The development of model systems for plant molecular biology in the 1980s and 1990s allowed scientists to begin to identify key enzymes that control biochemical phenotypes, such as starch accumulation, tannin production, and flower color (Martin et al., 1987; Lin et al., 1988; Shirley et al., 1992) . Moreover, parallel work in a range of model systems, such as Arabidopsis, petunia, and maize, resulted in the discovery of deeply conserved biochemical pathways across plants, pointing to their origin early in plant evolution (Rausher, 2006; Weng, 2014) .
Combining molecular and genomic tools with traditional genetic approaches, plant scientists now have a vast arsenal for connecting biochemical variation to the underlying genetics. The revolutions in genomics and gene editing technologies have created an array of bottom up approaches (reverse genetics) and top down approaches (screening metabolic diversity across populations), which can be integrated with systems biology analyses of plant metabolism. Complementary studies that use traditional quantitative genetic approaches (crosses, recombinant inbred and introgression lines) and genome wide association studies have identified thousands of metabolic trait loci. For example, forward genetic approaches have proved to be very successful in uncovering quantitative trait loci (QTL) controlling variation in multiple classes of metabolites, in cluding amino acids ( Fig. 1) , organic acids, glucosinolates, carot enoids, and tocochromanols (Wentzell et al., 2007; Chander et al., 2008; Maloney et al., 2010; Yan et al., 2010; Kochevenko and Fernie, 2011; Wurtzel et al., 2012; Angelovici et al., 2013) .
Perhaps the greatest challenge in uncovering the genetic basis for biochemical variation lies in characterizing the metabolites themselves. The plant kingdom is estimated to house over a million unique metabolites (Afendi et al., 2012) , which vary qualitatively and quantitatively across species. Identification of these compounds continues to rely on relatively specialized and labor intensive meth ods such as gas or liquid chromatography coupled with mass spec trometry (GC MS, LC MS) or nuclear magnetic resonance (NMR). Nonetheless, comparative metabolomic studies are continually building the repositories of characterized plant compounds to serve as reference libraries while new theoretical and computational ap proaches are increasingly aimed at creating predictive models of pathways and their products (Wang et al., 2016; Schymanski et al., 2017; Moghe and Kruse, 2018) . By linking these tools for identify ing plant metabolites with the currently vast repertoire of statistical and genomic approaches, plant biologists are entering a new era for investigating both the proximate and ultimate causes of biochemi cal diversity (Prasad et al., 2012; Sedio, 2017) .
REVISITING AND REVISING CLASSIC CONCEPTS IN PLANT BIOCHEMISTRY
One of the most fundamental concepts in plant biochemistry is the division between so called primary and secondary metabo lism. Primary metabolism (also called central or core metabolism) provides essential metabolites required for plant growth, develop ment, and reproduction. In contrast, secondary metabolism (also called specialized metabolism) is typically described as serving an ecological function, allowing organisms to survive in the context of their abiotic and biotic environments. Given their fundamental role in essential biological processes, the genes responsible for pri mary metabolite production generally experience strong purifying selection and remain highly conserved across lineages (Bar Even et al., 2011; Nam et al., 2012) , while specialized metabolites are thought to experience relaxed or diversifying selection (Pichersky and Lewinsohn, 2011; Weng, 2014; Moghe and Last, 2015) . Nonetheless, recent studies have uncovered surprising cases of pri mary metabolic diversity, which have begun to challenge and blur this traditional biochemical division.
One of the best known examples of the diversification of pri mary metabolism is found in the carbon fixation pathway, where plants use C 3 , C 4 , or Crassulacean acid metabolism (CAM) pho tosynthesis. C 4 and CAM have each evolved 30 to 60 times inde pendently (Sage et al., 2011; Edwards and Ogburn, 2012) and are often considered remarkable examples of convergent evolution. Despite the seeming complexity of C 4 and CAM, all the genes in volved in these pathways are present and functional in their C 3 an cestors, suggesting that re wiring of existing enzymes is responsible for the origin of C 4 and CAM. The reorganization of photosynthetic primary metabolism in C 4 and CAM taxa was additionally aided by traits that enabled their recurrent evolution. For example, C 4 pref erentially recruits genes that are inferred to have been highly ex pressed (Moreno Villena et al., 2018) or induced by light (Burgess et al., 2016) in C 3 ancestors. Promoter sequences necessary for cell specific expression of C 4 enzymes have been found in numerous C 3 orthologs (Reyna Llorens and Hibberd, 2017; Reyna Llorens et al., 2018) , suggesting some level of genomic exaptation is involved in the origins of C 4 . Much less is known about CAM evolution, but recent genomic studies provide evidence that re wiring of existing transcriptional cascades may be responsible for transitioning from C 3 to CAM (Abraham et al., 2016; Yin et al., 2018) . It is therefore likely that both C 4 and CAM evolve relatively frequently, despite their significant alteration to primary plant metabolism, via existing enzymatic pathways, and that certain lineages are enabled for C 4 or CAM evolution.
Another emerging example of primary metabolic diversity comes from studies of amino acid biosynthesis. Amino acids are building blocks of proteins in all organisms and, in plants, also used to make various hormones and natural products (Pratelli and Pilot, 2014; Coruzzi et al., 2015) . For example, l tyrosine is an aromatic amino acid required for synthesis of plastoquinone, isoquinoline alkaloids (e.g., morphine), cyanogenic glycoside (dhurrin), rosmarinic acid, betalain pigments, and many more (Schenck and Maeda, 2018) . Phylogeny guided biochemical characterizations of the key regu latory enzyme of tyrosine biosynthesis, TyrA dehydrogenases, from diverse plant lineages recently revealed that this primary amino acid pathway operates differently in some plant lineages: legumes use two pathways to synthesize tyrosine, while the feedback reg ulation of tyrosine biosynthesis is relaxed in the TyrA enzymes in the order Caryophyllales (Schenck et al., 2015 (Schenck et al., , 2017 Lopez Nieves et al., 2018) . The de regulated TyrA enzymes are present in betalain producing Caryophyllales, but their expression appears to be downregulated or completely lost in Caryophyllales families that reverted back to anthocyanin pigmentation (e.g., Caryophyllaceae and Molluginaceae, Lopez Nieves et al., 2018). Thus, the alteration of the primary amino acid precursor supply (e.g., tyrosine biosyn thesis) likely played a role in the evolution of the novel specialized metabolic pathway, betalain biosynthesis. It will be interesting to further investigate whether there are other examples of primary metabolic diversification in coordination with their downstream specialized metabolic pathways.
GENETIC MECHANISMS OF BIOCHEMICAL DIVERSIFICATION
The advent of new genomic, metabolomic, and computational tech nologies has begun to reveal the many drivers of innovation in plant biochemistry (Table 1) . Mutations in the genome such as single nu cleotide polymorphisms, indels, domain losses, and gene fusions may affect the coding sequence, expression pattern, or translation efficiency of a given metabolic gene, introducing variation in the downstream metabolic pathways. For example, the production of S linalool, a monoterpene alcohol responsible for the floral scent of 
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Clarkia breweri flowers, was identified to be a result of expression divergence of its biosynthetic enzyme S linalool synthase (Dudareva et al., 1996) . The mRNA of this enzyme was found to accumulate to a high level in the petals, stigma, style, and stamens of C. breweri flowers, but is only weakly detectable in only the stigma of the clos est nonscented relative C. concinna (Dudareva et al., 1996) , leading to very low production of S linalool and its derivative oxides, which is not enough to attract pollinators (Raguso and Pichersky, 1995) . Gene duplication underlies the diversification of many enzyme families such as cytochrome P450s oxidoreductases, hydrolases, acyltransferases, glycosyltransferases, methyltransferases, and li pases/esterases, which play central roles in specialized metabolism. Duplicated genes may diversify in various ways to produce novel enzymatic functions (Table 1) . For example, the repeated rounds of whole genome duplications in the Brassicales expanded the gene families responsible for glucosinolate biosynthesis and spurred the expansion of these defensive compounds through subsequent func tional evolution of paralogous copies of both regulatory and struc tural genes (Edger et al., 2015) . The origin and diversification of acylsugars in the Solanaceae shows a similar pattern. The hundreds of defensive acylsugars that can be found on a single leaf of some species emerged as a result of a complex interplay of molecular processes, including lineage specific gene duplications, neo functionalizations, allelic divergence, and gene losses in a single, large enzyme family (Fan et al., 2017; Moghe et al., 2017) (Fig. 2) . Multi functionality and prom iscuity-hallmarks of enzyme families aris ing out of frequent duplications-were also found to play a role in generating acylsugar diversity (Moghe et al., 2017) . These cases support the tight coupling of large and small scale changes in genome content with the elaboration of plant metabolic pathways. While the role of gene duplication in metabolic evolution has long been recog nized, the contribution of horizontal gene transfer (HGT), especially in plant systems, has only begun to be explored (Yue et al., 2013) . Although distinguishing HGT from other sources of phylogenetic incongruence remains challenging (Kurland et al., 2003) , genome scale analyses are providing increas ing support for the involvement of HGT in metabolic evolution (Keeling and Palmer, 2008) . One example is that of phenylalanine ammonia lyase (PAL), the enzyme catalyzing the entry step into the phenylpropanoid path way. This gene is homologous to the histidine ammonia lyase (HAL) involved in histidine Phylogenetic range, to the extent studied/described in the cited paper. NEWS & VIEWS catabolism in prokaryotes and eukaryotes. It was thought that PAL, which contains an additional 207 N terminal residues, evolved from HAL when fungi and plants diverged from other kingdoms (Ritter and Schulz, 2004) . A more recent large scale phylogenetic analysis, however, raised the prospect that the PAL gene was ob tained via HGT from symbiotic soil bacteria or fungi early during the colonization of plants on land (Emiliani et al., 2009) . Though one can only speculate on the early selective advantage conferred by PAL, its retention by modern plants for synthesis of vital cofac tors (e.g., ubiquinones, Block et al., 2014) , hormones (e.g., salicylic acid, Dempsey et al., 2011) , lignin, anthocyanins, and thousands of specialized benzenoid/phenylpropanoids suggests that its acquisi tion played a key role in the evolution of the plant phenylpropanoid metabolic network. Horizontally acquired genes often acquire new side activities (Näsvall et al., 2012) ; thus, HGT may result in the immediate in troduction of novel metabolic capabilities to the recipient organ ism. One such occurrence may have come with the replacement of the 1,4 dihydroxy 2 naphthoyl CoA (DHNA CoA) thioesterase genes in the plant phylloquinone (vitamin K1) pathway (Fig. 3) . Biosynthetic genes for phylloquinone, a one electron transporter in photosystem I, were likely initially acquired via endosymbiosis from the cyanobacterial progenitor of plastids based on the clus tering of menaquinone (vitamin K2) pathway genes in the plas tids of certain red algae (van Oostende et al., 2011) . Unlike their Rhodophyta counterparts, however, plant DHNA CoA thioester ases are not of cyanobacterial ancestry. They are instead closely related to Lactobacillales orthologs encoded within clusters of men aquinone biosynthetic genes, suggesting they were obtained from an event of HGT (Widhalm et al., 2012) (Fig. 3C) . Remarkably, both the cyanobacterial and plant/Lactobacillales thioesterases are selective for DHNA CoA as a substrate, though their selectivity is achieved using divergent binding strategies (Furt et al., 2013) . Moreover, while the cyanobacterial type DHNA CoA thioesterase strictly uses DHNA CoA as the substrate (Widhalm et al., 2009 ), the Lactobacillales type DHNA CoA thioesterases in plants, and orthologs in Escherichia coli, are able to use a range of aromatic acyl CoA substrates (Widhalm et al., 2012; Chen et al., 2013) . Co expression analysis in Arabidopsis thaliana further indicates that DHNA CoA thioesterases dually function in the metabolism of benzenoid/phenylpropanoid pathway intermediates (Adebesin et al., 2018) . Taken together, these studies suggest that acquisi tion of Lactobacillales type DHNA CoA thioesterases replaced cyanobacterial type DHNA CoA thioesterases while at the same time this HGT event may have bestowed novel activities for regulat ing benzenoid/phenylpropanoid metabolism. Plants gain function through duplication of genes and larger genetic units, including linkage groups, chromosomes or even genomes. Another a priori consequence of acquiring genes via HGT is that, if they fulfill the function(s) of genes in existing pathways, the replaced genes are free to evolve new functions. Indeed, vestiges of cyanobacterial type DHNA CoA thioesterases appear to remain in plant genomes (Widhalm et al., 2009) , and though their larger functions remain enigmatic, orthologs characterized in Solanum lycopersicum can act as methylketone synthases for biosynthesis of 3 ketoacid volatiles (Yu et al., 2010) .
Although functional divergence is often the fate for new genes arising from gene duplication, HGT, or other mechanisms, con vergent evolution is an alternate and potentially common out come (Pichersky and Lewinsohn, 2011; Weng and Noel, 2013) . Convergent evolution at the metabolic level entails different lin eages independently evolving pathways to produce identical or nearly identical compounds. Classic examples include the inde pendent evolution of betalain biosynthesis in basidiomycete fungi and Caryophyllales (Musso, 1979; Mueller et al., 1997) , caffeine bi osynthesis in Malvaceae, Rubiceae and Theaceae (Yoneyama et al., 2006; Denoeud et al., 2014) , and specialized 1,4 naphthoquinones spread across several disparate plant orders (Kumara et al., 1985; Hook et al., 2014) . In a few cases, the genes responsible for these convergent gains have been identified. For example, the enzyme responsible for flavanone biosynthesis (flavonone synthase, FNS) in Apiaceae was recruited from the 2 oxoglutarate dependent di oxygenase (ODD) gene family while in other plant families, the FNS enzyme is encoded by a gene belonging to the cytochrome P450 family (Leonard et al., 2005) . Similarly, enzymes with flavo noid 3′,5′ hydroxylase activity have evolved at least four times in dependently from flavonoid 3′ hydroxylase genes within the P450 gene family (Seitz et al., 2006 (Seitz et al., , 2015 . Nonetheless, the mutations underlying these functional shifts and the possibility that they themselves are convergent, have only begun to be investigated (e.g., Seitz et al., 2007) .
GENOMIC CLUSTERING OF BIOSYNTHETIC PATHWAYS
Despite the complex and dynamic histories of genome, with con tent frequently shuffled due to duplications, translocations, HGT, and other processes, one surprising outcome of genomic studies has been the discovery of biosynthetic gene clusters (BGCs), wherein genes belonging to the same biochemical pathway are physically co located on a chromosome. These BGCs are common in bacte ria and fungi (Osbourn, 2010; Rokas et al., 2018) , but were only discovered recently in plants. The first described BGC in plants was the six gene cluster involved in the synthesis of 2,4 dihydrox y 7 methoxy 1,4 benzoxazin 3 one (DIMBOA), a benzoxazinone compound that protects against insects and microbial pathogens in maize (Frey et al., 1997) . Since then, over two dozen gene clusters have been reported from a range of plant taxa . Biosynthetic gene clusters that are functionally similar ap pear to have evolved independently in different plant species. For example, oat and Arabidopsis thaliana have independently assem bled BGCs for the biosynthesis of triterpenoids (avenacin in oat and thalianol in Arabidopsis; Field and Osbourn, 2008) . In both cases, these clusters contain genes that code for oxidosqualene cyclases, cytochrome P450s, and acyltransferases (Field and Osbourn, 2008) . As in nonclustered metabolic pathways, such as the flavonoid path way (De Jong et al., 2004; Yildiz et al., 2013) , gene duplication and subsequent neofunctionalization have played an important role in the innovation of BGCs (Chu et al., 2011; Boycheva et al., 2014) .
While the discovery of BGCs in plants presents exciting op portunities for gene discovery and metabolic engineering, their prevalence across different taxa and different classes of metabolites remains unclear. Surveys to date suggest that the degree of clus tering can vary significantly, even among closely related taxa. For example, diterpenoid pathways are clustered in some monocots (Schmelz et al., 2014) but not others (Mafu et al., 2018) . Similarly, the benzoxazinone pathway appears as a cluster in maize but is spread across four chromosomes in wheat and rye (Sue et al., 2011) . Beyond these detailed molecular and biochemical studies, net work biology approaches suggest that BGCs may be uncommon in 
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plants as the vast majority of bioinformatically predicted BGCs (i.e., those identified based only physical clustering but not associated with a known pathway or metabolite) do not exhibit co expression (Wisecaver et al., 2017) . The lack of coordinated expression of clus tered genes is in stark contrast to the pattern seen in fungi and bac teria, in which both functionally characterized as well as predicted BGCs show strong co expression (Andersen et al., 2013; Lawler et al., 2013; Lind et al., 2016) . Incorporating gene co expression into analyses of plant BGCs is helpful for eliminating false positives and has the potential to identify functionally associated genes that lie outside the BGC (Fig. 4) .
In plants, as in other taxa, there is likely a selective advantage to organize metabolic pathways as BGCs in a genome. Clustering can facilitate the proper co regulation (Yu et al., 2016) and co inheritance of functionally associated genes (McGary et al., 2013) , thereby reducing the risk of pathway dysfunction, such as the ac cumulation of toxic metabolic intermediates (Field and Osbourn, 2008; Mylona et al., 2008) . Why then are there fewer BGCs in plants compared to fungi and bacteria, despite all having extensive meta bolic diversity? Comparisons of plant genomes often show exten sive macrosynteny (Shultz et al., 2007; Tang et al., 2008; Denoeud et al., 2014) , indicating a relative dearth of gene rearrangement at the scale necessary for BGC formation. In contrast, the chromo somes of fungi rearrange rapidly, and a comparison of fungal ge nomes showed little to no conservation of gene order (macro or microsynteny) between species of the major fungal taxa (Hane et al., 2011) . The proliferation of intronic and intergenic DNA in plant genomes due to their smaller effective population sizes com pared to microbes may also play a role (Lynch and Conery, 2003) ; when genes do jump around in plant genomes, the likelihood that they will wind up nearby another functionally associated gene may be low.
CHALLENGES AND FUTURE DIRECTIONS IN COMPARATIVE BIOCHEMISTRY
The advances in comparative plant biochemistry over the past few decades have provided a window in the complex dynamics of metabolic evolution and laid the foundation for tackling pre viously intractable questions at multiple biological scales. With new technologies for quantifying diverse specialized metabolites, it is increasingly feasible to test the ecological and environmental factors that shape biochemical variation across populations, even in non model systems (e.g., Li et al., 2015; Berardi et al., 2016; Huber et al., 2016) . These same biotic and abiotic forces can in fluence patterns at broad phylogenetic scales, leading to macro evolutionary trends such as the escalation of herbivore defense compounds in milkweeds and mustards (Agrawal et al., 2009; Edger et al., 2015) . Specialized metabolites have also been pro posed to act as key innovations that increase diversification rates (Erlich and Raven, 1964) , although this hypothesis has rarely been tested (Farrell et al., 1991; Edger et al., 2015) . The integration of comparative biochemistry with plant developmental biology pre sents an additional research area that is ripe for exploration. It has been observed that specialized structures, such as laticifers, nectaries, and trichomes are associated with the production and accumulation of specialized metabolites (e.g., Hagel et al., 2008; Schilmiller et al., 2008; Camina et al., 2018 ), yet little is known about the regulatory networks that allow for this tight coupling of morphology and chemical composition. New genomic and com putational tools, such as co expression analyses and single cell transcriptomics, may provide the first steps toward unraveling The gliotoxin gene cluster in the fungus Aspergillus fumigatus with 11 enzymatic genes, a pathway specific transcription factor and a transporter (Gardiner and Howlett, 2005) . (B) The 5-gene cluster for momilactone, a diterpenoid, in rice, consisting solely of enzymatic genes (Shimura et al., 2007) . (C) Co-expression network analyses showing strong co-expression of momilactone genes and other unlinked diterpenoid enzymes as well as currently uncharacterized transcription factor and transporter genes. Network adapted from Wisecaver et al. (2017) .
NEWS & VIEWS
these developmental linkages and understanding the coordinated evolution of morphology and biochemistry.
As reviewed in this commentary, biochemistry has played a cen tral role in botany since the early 1900s and yet the stories underly ing plant biochemical diversification and its ecological significance are just beginning to be discovered. Expanding this renaissance in comparative biochemistry to new traits, new clades, and new me tabolites will depend on training the next generation of botanists with a broad and integrative view of the field. In this spirit, we offer a vision of botany teaching where, instead of being relegating to back ground information, biochemistry is united with other subfields (e.g., cell biology, anatomy, evolution) in a comparative framework that highlights the close connections between genomic, metabolic, cellular, and functional diversity (Fig. 5 ). Establishing these con nections is crucial for not only understanding plants' evolutionary and ecological interactions, but also to their utilization as crops and medicines. Building on case studies such as those described in this commentary, today's botany educators have the opportunity to in vite students to experience the integrative nature of modern botany, where traditional disciplinary boundaries are increasingly dissolv ing in the pursuit of understanding plant diversity at all scales. spurred this commentary. S.D.S. thanks L. Allende, R. Deanna, A. Dunbar Wallis, M. Larter, S. Liu, C. Pretz, and L. Wheeler for valuable feedback on the manuscript. This work was supported by start up funds from Purdue University to J.R.W. and J.H.W. and startup funds from Cornell University to G.D.M. H.A.M. acknowl edges funding from the National Science Foundation (NSF) (IOS #1354971) and the USDA National Institute of Food and Agriculture (AFRI 2015 67013 22955); J.C.P. and S.D.S. also acknowledge NSF support (DBI #1339156 and DEB #1553114, respectively). We also thank two anonymous reviewers for helpful comments.
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Additional Supporting Information may be found online in the supporting information tab for this article. APPENDIX S1. Attributes for photographs in Fig. 5 . Training the next generation of botanists to make connections across disciplines is important for advancing our understanding of the plant evolution and diversity at all scales, extending across genomes to metabolomes and their physiological and ecological functions (green letters and arrows). For a list of image credits, see Appendix S1.
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